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MOF material NU-1000 was employed to host Ni tripodal complexes prepared from new organometallic precursors
[HNi(x*(E,P,P,P)-E(0-CeHaCH2PPh;,)s], E = Si (Ni-1), Ge (Ni-2). The new heterogenous catalytic materials, Ni-1@NU-1000 and
Ni-2@NU-1000 show the advantages of both homogenous and heterogeneous catalysts. They catalyze the hydroboration
of aldehydes and ketones more efficiently than the homogenous Ni-1 and Ni-2, under aerobic conditions, and allowing
recyclability of the catalyst.

Introduction T T
The laboratory design and synthesis of new efficient catalysts -\ S'/\Q GE/\Q
for the transformation of hydrocarbons into valuable products K\)’>“1<"PPI12F"12" wPPh Ph,P
is a path to advance the understanding of catalytic cycles,
ultimately leading to a more rational use of nonrenewable L L2
resources. Metal-organic frameworks, MOFs, consisting of 'Si7\H
inorganic nodes and organic linkers forming reticular materials ‘\N(‘M\
with high surface areas,? afford fascinating entries to single-site B\hz Ph,
heterogeneous catalysts, SSHCs. MOFs are advantageous over
other traditional supports in that they provide a more extensive Ni-1A
scope for structural variation and the opportunity of
investigating different platforms, strategies?* and kinetic -\\_Ge\/\H
pathways.> Elegant examples of MOF supported SSHCs D P?‘Ni\
demonstrate improvement of the catalytic performance in B\hz th
comparison to their homogeneous counterparts.>® For
example, mesoporous Zr-based NU-1000° allows the uniform Ni-28 Ni-28
installation of Ni ions revealing the higher activity and stability This work
of the resulting material as catalyst for ethylene
hydrogenation.!® The enhanced catalytic virtues are attributed Ve
to the prevention of active site migration and sintering.% 8 Q/\si\/Q @(\rs' '[*H
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Although many SSHCs have been reported as derived from the
deposition of organometallic complexes onto MOFs, there are
only limited examples of transition metal complexes that bear
“tailor-made” ligands which could allow a finer and/or
systematic tuning of the steric and electronic properties of the
grafted organometallic fragments.® 12. 13 Herein, we present a
direct comparison of an organometallic Ni system that is active
as homogeneous catalyst for aldehyde hydroboration and its
corresponding MOF grafted heterogenous counterpart which
shows enhanced catalytic properties, allows recyclability and
permits catalysis to be performed under aerobic conditions.

Results and discussion

Synthesis of ligands [HSi(0-CsH4CH>P(CsHs)2)3] (L1) and [HGe(o-
CeHaCH2P(CsHs)2)s] (L2).

Access to the tripodal triphosphino-E-hydride ligands of formula
[HE(0-CeHaCH,PPh,)s], E = Si'4 (L1) and Ge (L2) (Chart 1) was
achieved from organolithiated diphenyl(o-tolyl)phosphine.14 15
L1 had previously been reported by Stobart and coworkers.14 In
the new semirigid germylphosphine ligand L2, HGe(o-
CeH4CH2PPh;)s], the vgen stretching vibration appears at 2065
cml, midway between the Ge-H stretching vibration of 2037
cm?® in PhsGeH,® and that of the rigid analogue [HGe(o-
CeH4PPh3)s], reported by Braun and coworkers, which appears
at 2092 cm™.17 |In L2, a multiplet for the Ge bound hydrogen
appears at 8 4.85 in the IH NMR spectrum in C¢De, considerably
shielded from that in the rigid compound at 8 7.19 and close to
the chemical shift of the hydrogen bound to Siin L1 at 3 4.22 In
L2, the benzylic methylene appears at 4 2.92, slightly deshielded
when compared with L1 at 6 2.49.

Synthesis, characterization, and proposed structures of
[HNi(K4(E,P,P,P)-E(0-C5H4CH2PPh2)3] (E = Si, Ni-1; E= Ge, Ni-Z)Z
adoption of different structures in solid state and in solution.

Equimolar reaction of ligands L1 or L2 with Ni(PPhs)s resulted
after workup in the isolation of new complexes Ni-1 and Ni-2 in
good yields. The complexes were fully characterized by
spectroscopic methods and by single-crystal X-ray diffraction.
The silicon complex Ni-1, is the semirigid analogue of
[HNi(x4(Si,P, P, P)-Si(0-CsH4PPh3)3] previously proposed by Peters
and coworkers (Ni-3Ph, Chart 1) to exhibit a trigonal bipyramidal
structure.’® 19 The closely related tetrahedral [HNi(k3(Si,P,P)-
SiMe(0-CgH4PPh,)2] (Ni-4, Chart 1) reported by Ilwasawa and
coworkers bears a pincer ligand and a non classical sigma silane
ligand.20. 21

In the solid state, complexes Ni-1 and Ni-2 are isostructural by
single crystal X-ray diffraction at 100 K (Figure 1). In each, the
ligand coordinates to the metal through the three P and the E
(Si, Ge) atoms, adopting a trigonal pyramidal geometry around
Ni. The P atoms arrange in the equatorial plane with angles
close to the ideal 120° and 90°. The apical position of the
trigonal pyramid is occupied by either the Si or Ge atom. No
significant variations in the Ni-P bond lengths are found by
comparison with other related Ni complexes.1? 2223 The Ni-Si
distance in Ni-1 of 2.246(2) A is slightly longer than in Ni-3" at
2.2014(5) A® and shorter than in Ni-4 at 2.2782(4) A (Chart 1),
falling within the typical region for other Ni'-Si bonds (2.14-2.30
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Figure 1. (Left) The proposed structures for Ni-1 and Ni-2 in solution with their
corresponding hydride chemical shifts experimental and in brackets,
computational. (Right) The solid-state structures by single crystal X-ray diffraction
of Ni-1 and Ni-2. Main bond distances (A) and angles (°): for Ni-1, Ni1-Si1 2.246(2),
Ni1-P12.1796(13), P1-Nil-P1#2 119.985(2), P1-Ni1-Sil 90.74(4); for Ni-2, Nil-Gel
2.2977(17), Ni1-P1 2.1885(15), P1#2-Ni1-P1 119.9980(10), P1-Nil-Gel 90.25(5). In
this work, we propose that the nature of the hydride is different in solution than
in the solid state, with a higher contribution of the non classical sigma silane
structure A in solution for Ni-1 as shown by DFT computations.

A).20. 24 |n the Ni-2 structure, the Ni-Ge bond distance of
2.2977(17) A is comparable to other Ni germyl complexes and
slightly longer than in Ni-1, as expected for its larger atomic
radius.?>

Despite not being unambiguously located in the single crystal X
ray diffraction structures of either complex Ni-1 or Ni-2, the
presence of a hydride bound to Ni was ascertained by NMR
spectroscopy in solution. The IH NMR spectrum of the crystals
of Ni-1 in benzene-ds shows an upfield hydride signal at 6 —6.69
as a quartet with ZJyp = 37 Hz and Jusi = 52 Hz. Though the value
of the Si-H coupling constant is indeed smaller than in other
reported Ni%o-SiH) complexes (77-105 Hz),20 26 it is still
relatively large for a silyl hydride.?* Hazari, Balcells, and
coworkers observed the facile isomerization of Ni-58 to Ni-54
upon heating to only 50 °C27 (Charts 1 and S1).

This journal is © The Royal Society of Chemistry 20xx
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2c 96%, 24h
(97%, 4.5h)

Chart 2. NMR yields and conversion times of the catalytic hydroboration of aldehydes
by the four Ni catalysts. The hydroboration products are shown. Top shows the
product yield and time of the catalysis by 2.0 mol% Ni-1 at 50 °C and below, in
brackets, the results using 0.30 mol% Ni-1@NU-1000 at room temperature. The
bottom shows the comparative NMR yields of the catalysis employing either 2 mol%
Ni-2 (50 °C) or 0.50 mol% Ni-2@NU-1000 (RT, given in brackets).

DFT calculations of Ni-1 and Ni-2.

Further insights into the nature of the hydride in both Ni-1 and
Ni-2 in solution were obtained from DFT computations of the
chemical shifts. In benzene, the classical hydride silyl (Ni-18) was
computed at & —8.18 ppm whereas the non classical sigma
silane structure (Ni-14) gives 8 —6.38, closer to the experimental
value of 8 —6.69 ppm (Figures 1, S1 and S2). Further, in complex
Ni-2, the hydride appears as a quartet at 8 —8.15 in the 1H NMR
spectrum (Zup = 35 Hz), in close agreement with the DFT
computed hydride germyl structure Ni-2B at 6 -7.77 ppm
(Figures 1, S1 and S2) and far from the computed non classical
sigma germane Ni-2A (5 —0.98 ppm). Considering the literature
reports, the solution and solid state data and the DFT
calculations, we propose that the geometry of Ni-1 in benzene
solution has a more important contribution of the elongated
non classical sigma o(Si-H) bond (structure A) whereas,
structure B is more prevalent in Ni-2 in solution.

Synthesis and characterization of grafted MOF materials Ni-
1@NU-1000 and Ni-2@NU-1000.

Next, we post-synthetically grafted precursors Ni-1 and Ni-2
into in-house-synthesized NU-1000, first reported by Farha et a/
and consisting of pyrene linkers to Zrg clusters capped by four
us-hydroxo ligands.?®¢ The procedure for grafting involved
soaking the MOF material into benzene solutions of the Ni
complexes, as proposed by Lu and coworkers?® 30 with some
modifications.3% 32 This method rendered new materials herein
named Ni-1@NU-1000 (Figure S3) and Ni-2@NU-1000 (Figure
S5). PXRD experiments performed on the materials
demonstrated that the crystallinity of the unmodified NU-1000
was preserved upon metalation. Inductively coupled plasma-
mass spectrometry, ICP-MS, determinations on acid digested
samples of Ni-1@NU-1000 revealed Ni metal loadings of 0.6
wt.% of Ni and 5.4 wt.% of Zr, corresponding to a Ni:Zr molar

This journal is © The Royal Society of Chemistry 20xx
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Entr  Catalyst Time TON TOF Ref.

y /h /h

1 Ni-12 4.0 50 12.5 This
work

2 Ni-1@NU-1000" 4.2 333 79.3 This
work

3 [Ni(iminophosphine)(allyl)]*® | 0.25 100 400 37

[Ni(bpy)(cod)] ® 0.40 2833 7082 | 36
5 [Ni(POCN)H] ® 0.08 20 250 38

Table 1. Comparison of the catalytic performance of Ni catalysts in this work and
in literature references for the hydroboration of benzaldehyde. Data in CsDs. 2 50
°C. b Room temperature. ¢ After 0.40 h, only 85% NMR yield was reported. All
catalysts achieve >99% conversion to the product at the indicated time except
[Ni(bpy)(cod)] which achieves 85% conversion.

Entry  Catalyst Time/ TON TOF/ | Ref.
h h
1 Ni-1@NU-1000° 8 317 40 This
work
2 [Ni(iminophosphine)(allyl)]*®* = 6 <2.5¢ <0.42 | 37
3 [Ni(bpy)(cod)]* 1 3100¢ @ 3100 36
4 [Ni(POCN)H]¢ 0.17 20 118 38

Table 2. Comparison of the catalytic performance of Ni-1@NU-1000 and other Ni
complexes reported in the literature for the hydroboration of methylphenylketone
in CeDe. 2 50 °C. ® 60 °C. € Room temperature. ¢ <5% product yield. ¢ 93% product
yield.

ratio of 0.96:6.0, thus, remarkably close to the ideal one Niatom
per Zrg cluster unit. Similarly, the grafting of Ni-2 precursor and
subsequent ICP-MS analysis of Ni-2@NU-1000 gave a 1 wt.% of
Ni, and 6.1 wt.% of Zr, thus a Ni:Zr molar ratio of 1.5:6. The
decrease in BET surface areas for Ni-1@NU-1000 (1354 m? g1)
and Ni-2@NU-1000 (1282 m2? g1) in comparison to as-
synthesized NU-1000 (1970 m2 g1)31 is in agreement with the
grafting of the Ni complexes into the pores of the material.
SEM images and X-ray absorption near edge structure (XANES)
spectra of Ni-1@NU-1000 were measured. On the basis of this
evidence and literature precents,??32 we propose that one
[NiHSi(0-CeH4CH2PPh,)3] fragment is bound to a [Zre(p3-O)a(ps-
OH)4(OH)4(H20)4]8* cluster through the O atom of a hydroxyl
ligand.

Catalytic hydroboration by Ni-1 and Ni-2 in homogeneous
phase and by Ni-1@NU-1000 and Ni-2@NU-1000 in
heterogeneous phase.

The catalyzed hydroboration of carbonyl compounds with
boranes (R2B-H) is a selective reaction towards the synthesis of
borate esters,33-35 intermediates for the synthesis of alcohols,33
and in the formation of new C-C bonds for Suzuki-Miyauri
couplings involving related boronic compounds.36. The majority
of the catalytic systems reported employ transition metals but
there are also works employing main-group and rare earth
catalysts. Several recently published reviews of the field
summarize the most important developments.34 37. 38 Nj is
amongst the first-row transition metals that promote
hydroboration of aldehydes3941 and the more challenging
ketone hydroboration (Tables 1 and 2).3% 4143 Only a limited
number of recyclable heterogeneous catalysts have been
reported centered on either Fe* or Co%’, while MOFs bearing

J. Name., 2013, 00, 1-3 | 3
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i Ni-1@NU1000 OBPin ‘
R”cH,* HBPIn CeDe, 50°C R” CH,
3a-c 4a-c

OBpin OBpin OBpin
salNealNve
4a (95%, 8h) 4b (>99%, 8h) 4c (97%, 8h)

Chart 3. NMR vields of catalysed hydroboration of ketones with pinacolborane.

Ti(IV)* and Co(ll)¥7
functionalization.
We investigated the catalyzed hydroboration of aldehydes and
ketones in homogeneous and heterogeneous media by Ni-1 and
Ni-2, vis-a-vis their MOF grafted counterparts Ni-1@NU-1000
and Ni-2@NU-1000 (Charts 2 and 3, Tables 1-3 and S1-5). We
tested the Ni catalysed pinacolborane hydroboration of ten
aliphatic and aromatic aldehydes (1a-j,
Chart 2) including those with electron-withdrawing and
electron-donating  substituents, to the corresponding
organoborate compounds, 2a-j (Chart 2). We also investigated
the hydroboration of three methyl ketones, 3a-c to the
methylborate compounds 4a-c (Chart 3).

The optimization of the catalytic conditions using 4-CFs-
benzaldehyde with Ni-1 rendered benzene-ds as the most
suitable solvent over deuterated toluene, chloroform and
acetonitrile as solvents (Tables 3 and S1). The reaction was
investigated at 25 and 50 °C with different Ni-1 catalyst
loadings: 2, 0.3 and 0.1 mol% (Tables 3 and S1). Although the
reactions using Ni-1 proceeded at room temperature and at
lower loadings (0.3 and 0.1 mol%, Table S1), we decided to
employ 2 mol% of Ni-1 and 50 °C to obtain reasonable
conversions times throughout the substrate scope.

The catalysed reactions proceeded quantitatively with excellent
yields across the range of aldehydes used as shown in Charts 2
and S2. The conversions were completed at comparable times
when employing MOF supported catalyst Ni-1@NU-1000,
mostly between 4-5 h for the benzaldehyde series with p-
substituents spanning from H, Me, tBu, OMe to CF3; (la-e).
However, catalysis with Ni-1@NU-1000 proceeds at room
temperature with only 0.3 mol% of Ni as reported in Chart 2.
We also verified that MOF NU-1000 is inactive under the
catalytic conditions (Table S1). The hydroborations of aliphatic
cyclohexanecarbaldehyde (1g), 3-phenylpropanal (1i), and
heptanal (1j) also proceed to completion within 4-4.5 h in the
heterogeneous cases while 6 h were needed for the
homogenous catalysis. The catalysis of cinnamaldehyde (1h)

sites are also effective for ketone

proceeded selectively to the carbonyl hydroboration product
with either the homogeneous or heterogeneous catalyst as did
that of the 1-methyl-1H-pyrrole-2-carbaldehyde (1f). No
evidence of double bond hydroboration was found. The
hydroborations of both 1f and 1h, by Ni-1@NU-1000 are
completed in half the time as those by Ni-1 even carried out at
lower temperature and Ni loading. The hydroboration of the
pyrrole carbaldehyde (1f) is the slowest of the aldehydes tested,
taking 6 h to be completed when using the heterogenous
system. This is in line with other literature reports informing

4| J. Name., 2012, 00, 1-3

slower kinetics for the
carbaldehydes.*6 48

Table 2, entries 1 and 2 show the TON values for the
benzaldehyde hydroboration by Ni-1 (50 °C, TON = 50) and Ni-
1@NU-1000 (25 °C, TON = 333), ca. 7 times larger for the
heterogeneous system. Furthermore, a direct comparison of
the catalytic activity of Ni-1 and Ni-1@NU-1000 can be found in
Table 3, where entries 5 and 6 show a direct comparison of the
Ni-1 catalysts under the same reaction conditions and at the
same catalyst loading at room temperature for the catalytic
hydroboration of p-trifluoromethylbenzaldehyde. The reaction
is completed by Ni-1@NU-1000 after 4 h at room temperature,
whereas it has only proceeded to 24% product yield when using
homogeneous Ni-1.

Our results suggest that the activity of the heterogenous
catalyst is not lost after recycling. Thus, for the hydroboration
of p-trifluoromethylbenzaldehyde, the catalyst Ni-1@NU-1000
was recovered (by centrifugation and filtration, Chart S6, Table
S2) and its catalytic activity re-evaluated in the same reaction
and conditions. To impose harsher conditions this behavior was
monitored hourly during three cycles at 50 °C finding that the
catalytic activity is not hampered.

In comparison with other reported Ni systems, Ni-1@NU-1000
as catalyst exhibits the second highest TON value, only
outweighed by [Ni(bpy)(cod)], as shown in Table 2.3°
Conversion to products after 0.40 h was reported to proceed to
only 85% in the case of [Ni(bpy)(cod)] and the catalyst should

hydroboration of pyridine

Catalyst NMR
Entry Catalyst Solvent loading | T/°C yield
/ mol% (%)
1 None CsDs n/a 25 0
2 Ni-1 C;Ds 2.0 50 78
3 Ni-1 CDCl3 2.0 50 42
4 Ni-1 CeDs 2.0 50 >99
5 Ni-1 CeDs 0.3 25 24
6 Ni-1@NU-100 = CsDs 0.3 25 >99°b

Table 3. The catalysed hydroboration of 4-CFs-benzaldehyde by
pinacolborane. Reaction conditions: freshly distilled 4-CFs-benzaldehyde (0.2
mmol), HBpin (0.3 mmol), catalyst (different mol%), solvent (0.4 mL). The
product yields were determined by H NMR in the presence of 1,3,5-
methoxybenzene (0.2 mmol) as the internal standard. The yields are given
after 4 h. n/a = not applicable.

be handled under an inert atmosphere. Catalysis with Ni-
1@NU-1000 proceeds under an aerobic atmosphere and the
catalyst can be recycled without loss on its activity.

Aldehyde hydroboration employing the phosphinogermyl Ni-2
and Ni-2@NU-1000 catalysts also proceeds with excellent yields
and selectivity though requiring longer reaction times than the
silicon complexes (Charts 2, S3 and S5). The same trend
observed for the silicon derivatives is maintained with the
germanium complexes in that heterogenization on NU-1000
increases the catalytic efficiency. For example, the
hydroboration of benzaldehyde with Ni-2 (2 mol%) proceeds
selectively and quantitatively and is completed after 20 h
whereas employing Ni-2@NU-1000 (0.5 mol%) allows the
catalysis to be completed in only 4.5 h. Thus, again for the

This journal is © The Royal Society of Chemistry 20xx
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germanium analogue the catalysis proceeds faster and with
higher conversions when employing the MOF supported
catalyst despite employing a lower metal loading.

The hydroboration of three ketones 3a-c was also investigated
using Ni-1. It proceeded to only partial conversion of the
substrates even after 24 h of reaction. However, the Ni-1@NU-
1000 catalysed reaction gives good spectroscopic yields after 8
h as shown in Charts 3 and S7. Once again, employment of Ni-
2@NU-1000 led to quantitative and selective product
conversion but in longer times. In all cases, the heterogeneous
reactions were also performed under aerobic conditions finding
no significant differences with those performed under argon. In
all cases, control experiments in the absence of the Ni catalysts
showed no or very slow addition of HBpin to the substrates in
the same conditions.

In comparison with other reported Ni ketone hydroboration
catalysts (Table 2), our systems show a more modest catalytic
activity than [Ni(bpy)(cod)],3® but overall better than the other
reported Ni systems, with the added advantage of the tolerance
to an aerobic atmosphere and recyclability.

Moreover, these results show that heterogenization into NU-
1000 results in enhanced catalytic activity.

We introduced Ge into the ligand skeleton to make a single
variation in the electronic properties of the ligand, specifically
the o-donating/accepting ability of the central group 14 atom
in the ligand°-34, and probe its effect in the catalytic cycle.

Preliminary mechanistic evidence

Ph;
D

Preliminary experimental evidence suggests a transcendental
role of the Si-H moiety of the ligand in the hydroboration
catalysis by Ni-1. The stoichiometric reaction of Ni-1 with
benzaldehyde, proceeded to the formation of a
(benzyloxy)tris(benzylphosphine)silane derivative devoid of a
Ni-Si bond which was fully characterized (Equation 1 and ESI
section 14). These results are in line with previous observations
of the catalytic hydroboration activity of Si(lV) hydride
[PhC(NtBu),SiHCI,] involving the interaction of the O atom of the
aldehyde with the Si atom.>> Moreover, the addition of allenes
to the Pd(n%SiH) pincer complex [(PPhs3)Pd{Ph,P(o-
CeHa)}2SiMeH] results in the formation of a complex with a
functionalized allylsilane moiety where the Si atom is no longer
bonded to Pd, proposed to result from the reductive elimination
of the functionalized silane.>® These indications point to the
critical role of Si (or Ge) atom of the Ni complex in the catalytic
cycle. We are currently performing more in-depth mechanistic
investigations including DFT computations for the
hydroboration by Ni-1 and Ni-2. The findings will be reported in
due course.

Experimental part

General synthetic procedures.

This journal is © The Royal Society of Chemistry 20xx
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The syntheses of ligands, metal precursors, and MOF materials
were performed under an argon atmosphere using standard
Schlenk methods or in an MBraun glove box. Laboratory
solvents including hexane, THF, and toluene were dried and
purified over MBraun column systems. The synthesis of L1 was
previously reported by Stobart and co-workers although not all
the spectroscopic features were given in the original
publication!* and we include them in the ESI. CDCl; was passed
through a Pasteur pipette containing molecular sieves and basic
alumina and then degassed via three cycles of freeze-pump-
thaw, and stored over molecular sieves. Benzene-dg and other
deuterated solvents were stored over molecular sieves and
degassed via three freeze—pump—-thaw cycles. Commercial
reagents were purchased from Fisher Scientific, Sigma Aldrich,
and Oakwood Chemicals and used as received. Nuclear
magnetic resonance (NMR) experiments were performed on
either Bruker Avance Il 300 MHz, 500 MHz, or 600 MHz
spectrometers operating with frequency, deuterated solvent,
and temperature indicated. Chemical shifts (8) are reported in
parts per million (ppm). TH NMR spectra for integration were
acquired with long delays (30 s). Infra-red spectra were
recorded on a Bruker Alpha Il ATR-FTIR instrument under
nitrogen and are reported in cm~l. Elemental Analysis (C, H)
were carried out in an Elementar Unicube analyzer. For ICP-MS
determinations, a Perkin ElImer ELAN DRC Il ICP-MS instrument
was used. X-ray single crystal diffractions were performed on a
Bruker D8 Venture instrument with Co/Mo source. Powder X-
ray diffraction measurements were done using an AXRD
Benchtop from PROTO Manufacturing. X-ray absorption fine
structure (XAFS) spectra were measured at the Ni K edge on the
Ni-1@NU-1000 and Ni-2@NU-1000 materials at the Materials
Research Collaborative Access Team (MR-CAT) beamline 10-ID
at Argonne National Laboratory’s Advanced Photon Source.
Samples were prepared in an air-free glovebox as self-
supported pressed pellets and were measured in transmission
mode in a triple-sealed sample holder to minimize leakage of
air. High purity Zr was used to prepare the NU-1000. Scanning
electron micrographs (SEM) images were taken using a JEOL
6500F Field Emission SEM at the Institute for Imaging and
Analytical Technologies (I2AT Mississippi State University). EDS
line scans were also obtained on the same instrument.
Synthesis of tripodal ligand HGe(0-CsH4CH,P(C¢Hs),)s, L2.

In a Schlenk flask, 1.0 g (3.6 mmol) of diphenyl(o-
tolyl)phosphine was dissolved in 100 mL of hexane with
vigorous stirring for 10 minutes. Then, at —80 °C, 0.6 mL (3.9
mmol) of TMEDA, followed by 1.6 mL (3.9 mmol) of nBuLi were
added to the phosphine solution, and the mixture was left to
reach room temperature and continued to be stirred for a total
of 18 hours. The resulting suspension was dried under the
vacuum to afford an orange-red colour solid that was
redissolved in THF (30 mL). Afterward, 0.31 g of germanium (Il)
chloride dioxane (1.3 mmol) in THF (30 mL) was added to the
slurry solution at -80 °C. The red coloured mixture was stirred
for 18 hours at room temperature. Excess water (0.2 mL) was
added to the solution producing a clear solution and the mixture
was stirred for 1 hour at room temperature. The mixture was
then purified by a silica/celite flash chromatography column
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using toluene (30 mL) as eluent. After the removal of the
volatiles using reduced pressure, the compound was obtained
as a crystalline solid (0.72 g, 60 % yield). *H NMR (500 MHz,
CeDe, 298 K): & 7.37-7.26 (m, 12H, CHarom), 7.03-6.92 (m, 27H,
CHarom), 6.83 (t, Jun = 7.3 Hz, 3H, CHarom), 4.75 (m, 1H, H-Ge), 2.92
(d, Jun = 2.4 Hz, 6H, CH3) ppm. 13C{*H} NMR (150.92 MHz, C¢Ds,
298 K): 146.6 (d, Jcp 27.4 Hz, Cipso), 137.6 (d, Jep = 11.5 Hz, Cipso),
134.8 (d, Jep = 11.4 Hz, Cipso), 134.4 (d, Jep = 19.9 Hz, CHarom),
134.2 (s, CHarom), 129.8 (d, Jep = 4.9 Hz, CHarom), 129.4 (s, CHarom),
128.8 (d, Jcp = 7.0 Hz, CHarom), 128.7 (S, CHarom), 128.6 (S, CHarom),
128.4 (s, CHarom), 125.3 (s, CHarom), 22.9 (dt, Jcp = 22.7, 2.9 Hz,
CH,) ppm. 3'P{*H} NMR (202.5 MHz, CcDs, 298 K): —14.2 (s) ppm.
IR: 2065 cm™1 (s, vGe-H). Anal. Calc. for Cs7H49P3Ge: C: 76.10%,
H: 5.49%; Found: C: 75.99%, H: 6.05%.

Synthesis of [{((CGH5)2PCH2CGH4)3Si}NIH] (Ni-l).

In a Schlenk flask, 100 mg (0.12 mmol) of L1 was dissolved in 4.5
mL of dry THF under stirring. A solution of 130 mg (0.12 mmol)
of Ni(PPhs)s in 4.5 mL of dry THF was added dropwisely and the
resulting solution was further stirred at room temperature for
12 h. The reaction mixture changes its color to red, and a yellow
precipitate starts to form. After removal of the volatiles under
reduced pressure, the residue was washed three times with
portions of 4 mL of cold THF and dried under vacuum for 6
hours. Pure compound Ni-1 was isolated as a yellow solid in 53%
yield (57 mg, 0.061 mmol). Yellow crystals suitable for X-ray
analysis were obtained by slow evaporation of a benzene-ds
solution at room temperature. *H NMR (500 MHz, CsDs, 298 K):
§7.93 —7.65 (M, 10H, CHarom), 6.99 (d, 2/uw= 7.7 Hz, 4H, CHarom),
6.93 (td, Unu= 7.4, 3yp= 1.4 Hz, 4H, CHarom), 6.91 —6.82 (m, 18H,
CHarom), 6.81 — 6.72 (m, 3H, CHarom), 6.65 (t, Uuu= 7.4 Hz, 3H,
CHarom), 2.08 (S, 6H, CHz), —6.69 (q, 2Jyp=37.2 Hz, Jusi=52.0 Hz,
1H, Ni-H) ppm. 13C{2H} NMR (150.9 MHz, C¢Ds, 298 K): 191.3 (s,
Cinso), 146.3 (dd, Jep = 9.3, 4.8 Hz, Cipso), 138.26 (M, Cipso), 134.7
(S, CHarom), 132.5 (d, Jep = 8.8 Hz, Cipso), 132.0 (S, CHarom), 131.6
(s, CHarom), 130.4 (s, CHarom), 129.2 (S, CHarom), 128.8 (S, CHarom),
128.7 (d, Jep = 6.8Hz, CHarom), 124.3 (s, CHarom), 27.9 (m, CH3)
ppm. 31P{*H} NMR (202.46 MHz, CsDs, 298 K): 36.9 (s, Jps; = 29.4
Hz) ppm. DEPT 2°Si{*H} NMR (99.36 MHz, C¢D¢, 298 K): 66.1 (q,
Jsip =29.4 Hz) ppm. IR: 1885 cm™ (s, Ni-H). Anal. Calc. for
Cs7H49NiP3Si: C: 74.93%, H: 5.41%; found: C: 74.77%, H: 5.91%.
Synthesis of [{((CGH5)2PCH2C5H4)3GE}NiH] (Ni-Z).

In a Schlenk flask, 24 mg (0.027 mmol) of L2 was dissolved in 1
mL of dry THF with stirring. A solution of 30 mg (0.027 mmol) of
Ni(PPhs)s in 1 mL of dry THF was added drop wisely and the
resulting solution was stirred at room temperature for 12 h. The
reaction mixture changes its colour to red and small amounts of
a yellow precipitate form. After removal of the volatiles under
reduced pressure, the residue was washed three times with
portions of 1 mL of cold THF and dried in vacuum for 6 hours.
Compound Ni-2 was isolated as a yellow solid (23 mg, 89%
yield). Yellow crystals suitable for X-ray analysis were obtained
by slow evaporation of a benzene-ds solution at room
temperature. *H NMR (500 MHz, CsD¢, 298 K): 6 8.03 —7.67 (m,
10H, CHarom), 7.05 — 7.00 (m, 4H, CHarom), 6.93 (td, 2Jpu= 7.4, 3Jup=
1.3 Hz, 4H, CHarom), 7.00 — 6.81 (m, 18H, CHarom), 6.80 — 6.76 (m,
3H, CHarom), 6.63 (t, 2Jun= 7.2 Hz, 3H, CHarom), 2.16 (s, 6H, CH>), -
8.15 (q, 2Jup=35.0 Hz, 1H, Ni-H) ppm. 3C{1H} NMR (150.9 MHz,
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CsD6,298 K): 147.4 (dd, Jcp=10.8, 5.3 Hz, Cipso), 135.4 (g, Jcp=5.1
Hz, CHarom), 134.2 (d, Jep = 19.7 Hz, Cipso), 133.8 (s, CHarom), 133.3
(dd, Jep = 20.4, 8.5 Hz, Cipso), 130.3 (s, CHarom), 130.0 (s, CHarom),
129.7 (s, CHarom), 124.9 (s, CHarom), 25.5 (m, CH,) ppm. 3P{H}
NMR (202.46 MHz, C¢D¢, 298 K): 36.4 (s) ppm. Anal. Calc. for
Cs7Ha9NiP3Ge.CgHg: C: 73.01%, H: 5.35%; found: C: 73.09%, H:
5.31%.

Synthesis of grafted material Ni-1@NU-1000.

Microcrystalline NU-1000 (56.1 mg, 0.03 mmol) was added to a
5 mL toluene solution of Ni-1 (60.6 mg, 0.07 mmol) at room
temperature. After stirring for 48 h, the resultant yellow solid
was centrifuged out of the suspension and washed with toluene
and pentane 4-5 times. The solid was soaked overnight in 3 mL
toluene and finally dried under dynamic vacuum for 12 h. The
Ni and Zr metal contents in the Ni-1@NU-1000 material were
measured in an inductively coupled plasma-mass spectrometer
(ICP-MS), finding a 0.560 wt% of Ni and 5.41 wt% of Zr,
corresponding to a molar ratio of 0.960 : 6.00 respectively.
Synthesis of grafted material Ni-2@NU-1000.

Microcrystalline NU-1000 (77.7 mg, 0.037 mmol) was added to
a 5 mL toluene solution of Ni-2 (87.8 mg, 0.092 mmol) at room
temperature. After stirring for 48 h, the resultant yellow solid
was centrifuged out of the suspension and washed with toluene
and pentane 4-5 times. The solids were soaked overnight in 3
mL toluene and finally dried under dynamic vacuum for 12 h.
The Ni and Zr metal contents in the Ni-2@NU-1000 material by
ICP-MS, revealed a 1.02 wt% of Ni and 6.11 wt.% of Zr,
corresponding to a molar ratio of 1.56 : 6.00 respectively.
Stoichiometric reaction of Ni-1 and benzaldehyde.

An NMR tube equipped with a J. Young valve was charged with
Ni-1 (0.037 g, 0.049 mmol) and 0.4 mL of C¢Ds. Then 10 plL
(0.098 mmol) of benzaldehyde was added. The reaction mixture
was heated to 50 °C. The colour of the solution changed to red,
and it was analysed by NMR spectroscopy. The Ni complex
shown below was isolated as a red solid (0.015 g, 36% yield). 1H
NMR (500 MHz, C¢Ds¢, 298 K): 6 8.38 (s, 5H, CHarom), 7.55 — 7.37
(m, 6H, CHarom), 7.27 (t, Uun= 7.6 Hz, 3H, CHarom), 7.15 —6.98 (m,
19H, CHarom), 6.89 (td, y.n= 7.4, 1.4 Hz, 6H, CHarom), 6.67 (t, 2n.
4= 7.5 Hz, 3H, CHarom), 4.82 (m, 2H, -OCH>), 2.78 (s, 3H, CH,), 2.02
(s, 3H, CH2) ppm. 13C{*H} NMR (150.9 MHz, C¢Ds, 298 K): 142.6
(dd, Jc-p= 9.5, 5.6 Hz, Cipso), 141.6 (s, CHarom), 137.9 (s, CHarom),
134.6 (dd, Jcp= 20.2, 16.7 Hz, Cipso), 132.3 (s, CHarom), 130.8 (s,
CHarom), 128.7 (S, CHarom), 127.4 (s, CHarom), 126.6 (S, CHarom),
124.4 (s, CHarom), 65.2 (s, -OCH3), 22.5 (m, CH;) ppm. 31P{1H}
NMR (202.46 MHz, CsDg, 298 K): 20.76 (s) ppm. DEPT 29Si{1H}
NMR (99.36 MHz, C¢D¢, 298 K): 10.56 (s) ppm. Anal. Calc.: for
Ce4HssNiP3SiO: C: 75.37%, H: 5.44%; Found: C: 74.98%, H: 5.51%.

Catalytic studies
The catalytic optimization conditions and findings are described
in detail in the supporting information (section 13).

DFT computations

To support the structural DFT (density
functional theory) computations were performed to simulate
the hydride signal in the 1H NMR spectra, allowing to distinguish
between a classical hydride and a non-classical o-silane or
germane using the Gaussian 16 software.>’” The geometries,

characterization,
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first, were optimized using the PBE1PBE functional with the
damping dispersion correction!! at the BS1 level of theory. In
BS1, 6-31(d')>8-¢0 basis set is used for C and H atoms and
modified LanL2DZ+ECP®%1-63 js used for Ni, Si, P, and Ge atoms.
Single-point calculations associated with Gauge-Independent
Atomic Orbital (GIAO)®* with the same functional at BS2 basis
set were carried out on the gas phase geometries to obtain
chemical shifts. At the basis set BS2, 6-311+G(d,p)®> 66 is used
for Cand H atoms and modified LanL2DZ is used for Ni, Si, P, and
Ge atoms. In the single point calculations, solvent effect of
benzene were also included with Solvation Model Based on
Density (SMD)® calculations. The final results reported at
SMD(benzene)-PBE1PBE-D3/BS2//PBE1PBE-D3/BS1
theory are shown in Figures S1 and S2.

level

Conclusions

In conclusion, preliminary catalytic results on the hydroboration
of aldehydes and ketones by Ni-1@NU-1000 show a seven-fold
increase in the TON by grafting the organometallic precursor Ni-
1 into the MOF material. The same trend was observed in Ni-
2@NU-1000 by comparison with Ni-2. The supported materials
can be handled under air and be recycled a few times with no
apparent decrease in the catalytic properties. The presence of
Ge in the ligand decreases the catalytic activity but does not
affect the selectivity of the reaction. In sum, not only the
catalytic activity but also the robustness of the catalyst are
benefited by grafting of the organometallic into the MOF
material.
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